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Abstract 
Results from Dual polarization Elastic Raman lidar observations of tropical high-altitude cirrus 
clouds are reported. The observations are made over a tropical site Gadanki (13.5ｰN, 79.2ｰE), India. 
Based on 120 hours of night-time measurements of cirrus clouds show that the cirrus cloud particles 
extinction to backscatter ratio are in the range of 4 to 10. These clouds depolarization ratio appears 
increasing with decreasing temperature. The clouds appear at altitudes between 12 and 16 km. 
Volume depolarization is found to be a sensitive parameter for the detection of subvisible cloud layers. 
Lidar derived observations of cirrus clouds are compared with atmospheric temperature. Observations 
will be discussed in light of present understanding of cirrus microphysics. 
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1. Introduction 
Several remote-sensing observational 
techniques involving satellite infrared 
instruments (Prabhakara et al., 1993), sateliteｭ
limb occultation (Wang et al., 1996), groundｭ
based lidar (Nee et al., 1998) and satellite lidar 
(Winker and Trepte, 1998) have revealed the 
frequent occurrence of thin cirrus layers 
located near the tropical tropopause at 
altitudes between 12 and 16 km. These thin 
layers are generally sub visible in nature and 
typically several hundred meters to one 
kilometer in vertical extent. These layers are 
spread over across several hundred kilometers 
horizontally (Winker and Trepte, 1998) and 
prevail from several hours to several days 
before they get evaporated. ｷThe occurrence of 
thin cirrus layers near the tropical tropopause 
can have significant impact on the radiative 
heating in the upper troposphere (McFarquhar 
et al., 2000). 
Range resolved optical properties such as 
extinction coefficient in thin cirrus clouds are 
important for assessing the impact of cirrus on 
climate. Vertical profiles of cirrus extinction 
are important parameter for heating rate 
calculations, which plays a key role in 
radiative characteristics of cirrus. The 
extinction-to-backscatter ratio (also called 
lidar ratio) provides information on the 
transmission and reflection properties of cirrus 
clouds and also on the ice crystal properties 
due to its dependence on the shape, size and 
orientation of the particles. Moreover, the lidar 
ratio is required for validation of extinction 
retrievals from single wavelength elastic lidars. 
The availability of a reliable data set of lidar 
ratio for different cirrus types and conditions 
will greatly improve the quality of the cirrus 
properties derived from space, which will 
produce a global climatology of cirrus range 
resolved properties. 
In this paper, we report a ground based 
observation of a thin cirrus layer from Indoｭ
Japanese Lidar operated in Elastic and also in 
Raman mode of operation. These observations 
provide cloud backscatter ratio, its linear 
depolarization along with cloud extinction 
from Raman shifted wavelength. The Raman 
shifted wavelength information is also used for 
deriving the atmospheric temperature. Using 
this unique observational setup the thin cirrus 
cloud characterization is made for several 
cloud passes. In this study, we present a thin 
cirrus occurrence on 24 January 2003 as a case 
study. 
2. Experimental mode of Raman 
observations 
The Indo-J apanese lidar system has been 
providing the altitude profiles of temperatures 
in the range covering 30 to 80 km using 
Rayleigh scatter technique (Bhavanikumar et 
al., 2000;2006) and also has been used to 
derive the vertical structure of high altitude 
clouds such as the occurrence of tropical cirrus 
(Bhavanikumar et al., 2001). However, there is 
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a fundamental limitation in extending the 
Rayleigh scatter technique to lower heights 
because the Rayleigh scattering from air 
molecules suffers from the presence of Mie 
component caused by aerosol scattering. One 
can overcome this constraint by employing 
Vibrational-Rotational (Simply Vibrational 
technique) Raman technique in addition to 
Rayleigh-scatter technique. This technique has 
not been widely used for the study of the lower 
stratosphere because of the very low cross 
section of this scattering, 3 orders of 
magnitude smaller than the Rayleigh crossｭ
section. The Indo-Japanese lidar system at 
Gadanki (13.5ｰN, 79.2ｰE), a rural site in the 
tropical part of India, is successfully 
experimented with the capability of acquiring 
vibrational Raman (inelastic) backscatter from 
atmospheric Nitrogen in addition to the elastic 
backscatter. The vibrational Raman 
backscatter from atmospheric Nitrogen has a 
characteristic shift of 2331 cm-, for 532 nm 
atmospheric excitation, which corresponds to a 
shifted wavelength of 607 nm. The 
experimentally tested results proved the 
capability of retrieving the atmospheric 
temperatures in the altitude range of 8 -28 km 
using vibrational Raman technique with an 
error in temperatures of about 5 K, 2 K, 1 K 
and less than 1 K at25 km, 20 km, 15 km and 
below 12 km respectively in two-hour 
integration (Bhavani Kumar and Mizutani, 
2004). Using the simultaneously observed 
Raman shifted signal at 607 nm wavelength 
and elastic backscatter returns at 532 nm from 
polarization lidar provides unique means of 
studying the high altitude cloud structure and 
microphysics. 
3. Calculation of Extinction Coefficient 
from Raman Lidar Measurements 
In order to derive extinction coefficient 
form elastic lidar measurements the so-called 
Klett (1981) inversion method is used. This 
method, however, has the disadvantage that 
two physical quantities, the aerosol backscatter 
and extinction coefficients must be determined 
from only the elastic backscatter. This is not 
possible without assumptions about the 
relationship between the two and an estimate 
of a reference value of the aerosol extinction. 
These data are usually hard to assess and cause 
large uncertainties in the derived aerosol 
extinction coefficients. In contrast, the 
inelastic Raman backscatter signal is affected 
by aerosol extinction but not by aerosol 
backscatter. Therefore analysis of the Raman 
lidar signal alone permits the determination of 
the aerosol extinction. 
The formalism to derive extinction from 
Raman lidar measurements was developed by 
Ansman et al. (1990). Accordingly, the aerosol 
extinction coefficient is obtained from the 
slope of the Raman nitrogen profile compared 
to the atmosphenc density profile as: 
r 立 J1uf N(:) l]
d: 1.l • :"Pに）」J, -s畔 ()t ヽ .:)-·s叫 v~ 、:)l 
Cl(A;_. :) :=. - (1) 
l 十戸 l又 ；・炎 : 
extmctlon where a(入L,z) is the cloud — 
coefficient, N(z) is the atmospheric number 
density, z isthe altitude of the measurement, 
SmoI is the molecular extinction coefficient, 
P(z) is the molecular lidar signal and 入Land 袖
are the laser and the Raman shifted 
wavelengths, respectively. The wavelength 
dependence of the aerosol extinction 
coefficient is described by the parameter k. 
For aerosol particles with diameter comparable 
to the measurement wavelength k= 1,while for 
particles considerably larger than the 
measurement wavelength, k=O. The main 
difficulty in deriving the extinction coefficient 
form equation (1) is associated with the 
calculation of the slope 
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since the molecular signal, which can be quite 
noisy, usually requires significant averaging 
and smoothing before slope calculations can 
be performed. The Indo Japanese lidar system 
located at Gadanki (13.5ｰN, 79.2ｰE) 
transmits laser wavelength of 532 nm and 
measures the backscattered elastic (aerosol) 
return at the same wavelength for deriving the 
height profiles of atmospheric temperature in 
the upper atmosphere and height profiles of 
aerosol in the upper troposphere respectively. 
In addition, on an experimental mode, the 
height profiles of Raman shifted signal returns 
from atmospheric Nitrogen were received 
from the atmosphere at 607 nm. However, the 
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aerosol return at 532 nm is split into coｭ
polarized and cross-polarized components, 
enabling the computation of the depolarization 
ratio Bhavani Kumar et al 2001, 2006). In 
order to derive cirrus extinction coefficient 
according to Eq. (1), the molecular nitrogen 
return at 607 nm isutilized and value of k=O is 
assumed. Volume depolarization is found to be 
a sensitive parameter for the detection of 
subvisible cloud layers. 
4. Observations 
Figure l(a) and (b) depict temporal 
variation of cloud backscatter ratio (BSR) and 
cloud linear depolarization ratio (LDR) 
observed by the Indo-Japanese lidar system on 
24 January 2003 over Gadanki site, India. 
Figure 2 shows the elastic and Raman signal 
returns at 532 nm and 607 nm wavelengths. 
Figure 3 shows the derived extinction and 
backscatter coefficient profiles from Raman 
shifted and elastic backscatter signals 
respectively. 
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Figure 1. Indo Japanese Lidar observation of 
thin cirrus layer at altitudes between 13 and 
15 km over Gadanki site, India on a winter 
night 24 january 2003. Figure l(a) shows 
temporal variation of cloud BSR and figure 
l(b) shows the cloud LDR 
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Figure 2. Height profiles of basic signal counts 
at 532 nm, elastic signal, and Raman shifted 
signal at 607 nm obtained using Indo-Japanese 
lidar system collected on mid night hours of 
24 January 2003 over Gadanki site during thin 
cirrus cloud presence at 14 km altitude. 
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Figure 3. Backscatter and extinction 
coefficient profiles derived from Elastic and 
Raman shifted signal returns at 532 and 607 
nm wavelengths from Indo-J apanese lidar 
system data obtained on 24 January 2003. 
Some key microphysical parameters are 
the extinction coefficient, lidar ratio and 
depolarization ratio as well as the mid-altitude 
and the corresponding mid-cloud temperature 
of cirrus clouds. The lidar and depolarization 
ratios are considered to be of special 
importance since are related to microphysics 
properties of the ice crystals contained on 
cirrus clouds, while mid-altitude and midｭ
temperature play an important role in 
determining cloud radiative properties. Figure 
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4 shows the altitude profiles of cloud 
backscattering ratio (BSR), linear 
depolarization ratio (LDR), Extinction to 
backscattering ratio (lidar ratio) and mid cloud 
temperature. 
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Figure 4 Profiles of (a) cloud backscattering 
ratio (BSR), (b) cloud linear depolarization, 
(c) Extinction to backscattering ratio (lidar 
ratio) and (d) atmospheric temperature in deg 
k. All the profiles are shown with its 
variability (standard deviation) for clarity on 
range of parameter deviation. 
Conclusions 
The accurate estimation of the extinction 
coefficient is possible through the Raman lidar 
technique and thus makes this method a 
powerful tool for cirrus studies. The 
independent measurement of backscatter and 
extinction profiles and thus lidar ratio profiles 
is only possible through the Raman method. 
Nevertheless, this method can be applied only 
for night-time measurements. We have also 
investigated the dependence of optical 
properties on temperature and geometrical 
characteristics. A maximum mid-cloud depth 
is in the range of 1.5 km at temperatures 
between -60ｰC and -70ｰC, and decreases both 
for lower and larger temperatures. An 
indication that mean lidar ratio and linear 
depolarization ratio increases with decreasing 
mid-cloud temperature is found, while a 
dependence of optical depth on the 
geometrical thickness of cirrus clouds was also 
found. 
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